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Photon bremsstrahlung is studied for identifying elastic proton-proton interactions in the
CMS experiment at the LHC. In addition to measurement of the elastic pp cross section
(assuming that the elastic slope is known) the bremsstrahlung photons will allow evaluation
of the total pp cross section, luminosity and alignment of the Zero Degree Calorimeters
(ZDCs).
I. INTRODUCTION
Elastic proton-proton interactions can be tagged at the LHC by detecting the bremsstrahlung
photons [1].
FIG. 1: Feynman diagram describing the interaction.
The probability to radiate a soft photon with energy k << E (k ≡ |~k|) is given by (see for
example [2])
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2and ρ = Bs/2, θk is the photon emission angle, θk′ is the angle between the photon ~k and the
outgoing proton 3-momenta ~p ′, θs is the proton scattering angle, φ is the azimuthal angle between
the photon and the outgoing proton momentum, E and E′ the initial and final state proton energy,
respectively, and m is the proton rest mass.
The angular distribution of the emitted photons will depend on the slope, B, of the differential
cross section dσppel /dt −→ σppel B exp (−B|t|), since |t| → p2θ2s = p2t .
Characteristically the angle of the radiated photon with respect to the (incident) proton direc-
tion, namely θk = m/E, is significantly larger than the proton scattering angle θs ≈ pt/E. This is
due to the slope parameter being approximately B ≈ 20 GeV−2 at LHC energies, giving a mean
〈pt〉 ≈ 1/
√
B ≈ 0.22 GeV  m. In the limit (θs/θk)2  1 the probability for the emittance of a
soft photon with energy k simplifies after integration over the solid angle to [1]
Γγ =
2αem
3pi
〈
p2t
〉
m2
dk
k
. (3)
As seen from Equations (1)-(3) the cross section for soft photon bremsstrahlung is proportional to
σ(pp)el
〈
p2t
〉
= σ(pp)el/B. Considering only the real part of the elastic amplitude and using the
relation σel = σ
2
tot/16piB the radiative cross section is seen to be proportional to (σel/σtot)
2.
The ratios σel/B and σel/σtot do not depend on energy when one assumes geometric scaling [3].
Geometric scaling implies that all the cross sections and the slope B are proportional to each other
and depend only on the interaction radius R2(s). However, at LHC energies the elastic amplitude
should reach the black disk limit in the center of the disk, which violates the geometric scaling
hypothesis.
Based on a compilation of the most recent theoretical results [4] the ratio (σel/σtot)
2 is in the
range 0.0515 . . . 0.0876. This in spite of the fact that at lower energies all the models describe the
measured total and elastic cross sections reasonably well. These models are based on the same basic
principles and differ only in the way they sum the multi-pomeron vertices. A review of existing
theoretical models is given in [5].
It is worth mentioning the important advantages of measuring the two soft bremsstrahlung
photons emitted in the opposite directions along the incoming beams. First of all, the coincidence of
two photon registration provides better separation of the signal from the backgrounds and triggering
conditions. Secondly, a simultaneous detection of both single and double bremsstrahlung will allow
a luminosity independent determination of the effective elastic slope, B, and then knowing the
luminosity and B we can find the elastic cross section σel.
Some time ago double photon bremsstrahlung at small angles in electron collisions, calculated in
[6], was successfully used as a high precision luminosity monitor at electron colliding beam facilities
in Novosibirsk [7] and Orsay [8] and other laboratories.
II. EXPERIMENT
The relatively soft photons emitted by the incoming and outgoing 5 TeV protons are registered
at the Zero Degree Calorimeters (ZDCs) which are installed at approximately ±140 meters from
the interaction point (Figure 2).
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FIG. 2: The lay-out of the forward region of the CMS Interaction Point 5 (IP5). The locations of the
absorbers (TAS and TAN), Quadrupole magnets (Q1-Q6), Dipole magnets (D1, D2) and TOTEM Roman
Pot stations (RP1-RP4) at +147 and +220 meters are shown. The CMS Zero Degree Calorimeters (ZDC)
are located at 140 meters from IP5, where the LHC vacuum chamber separates in two: The ZDCs only
detect neutral secondaries emitted at 0 degrees since the charged beam-like particles will be bent by the D1
dipole magnets [9].
The CMS experiment is equipped with a ZDC system [9]. The ZDCs are able to detect very
forward photons and neutrons and they measure the particle energy and the transverse position
of the particle (in the horizontal direction). The ZDCs are located at approximately zero degrees
to the incident beams on each side of the interaction point, beyond the first separation dipole at
|z| = 140 m. Having a transverse size of approximately 8 cm × 8 cm they are designed to fit in
between the two beam pipes, covering a rapidity range of |η| > 8.5.
Photons within an angular cone of approximately 0.3 mr will strike the ZDC. The physics signal
is characterized by a photon distribution that peaks at r2 = 0. Here r2 is the radial distance
squared in the transverse (x, y)-plane, as seen from the center of the ZDC. The CMS ZDCs detect
transverse distance only in the x-direction, integrating over the y-range of the detector. Since
the electromagnetic section is 19 radiation lengths in the z-direction, total integration over z is
assumed.
III. BACKGROUND
The main contribution to the background consists of photons from inelastic diffractive pp in-
teractions, since they are favored by a forward production mechanism. The signal due to these,
however, is expected to be uniform over the small area covered by the ZDC, resulting in a distri-
bution that is flat in r2. Photons from non-diffractive events constitute a secondary background.
In order to enhance the signal-to-background ratio we consider a restricted energy range of 50
GeV to 500 GeV. Simulations with PYTHIA [10] and GEANT [11] show that neutron contribution
arises above 500 GeV approximately. Photons from pi0 decay and from particle interactions in the
beam pipes are almost entirely in the energy range below 50 GeV. The relative intensity of the
background is estimated to be < 5% in the chosen energy range.
Background arising from multiple photon hits in the ZDC has been studied in simulations. For
the energy range under consideration the ratio of two-photon hits to one-photon hits is around
15% for the T1T2 veto condition [1]. For more than one photon hits the energy distribution in
the transverse plane is markedly different from the one obtained by considering just single hits.
This is caused by the separation of the photons. The multiple hit background is assumed to be
significantly reduced and brought down to acceptable levels by shower profile fitting. For details
4concerning different veto conditions and triggers see [1].
IV. RESULTS
A. Simulating the photon distribution
The probability of detecting a single photon in the ZDC from radiative elastic scattering, as
a function of x, is shown by the open histograms in Figure 3. The radiative photon contribution
is plotted on top of the background distribution for the probability of a singular photon from
single-diffractive events to strike the ZDC. The normalization is taken respect to the cross-section
for the production of a single elastic event. Both high-mass and low-mass dissociation are included
in the PYTHIA simulation. Factors are introduced which give an enhancement of the low-mass
region, where resonance structure is observed in the data.
The calculations assume various trigger conditions, the conditions T1T2 and T1T2 + FSC are
displayed in Figure 3. The simulation was also done for the no veto condition [1]. For the T1T2
veto condition a distinct signal is seen above the background, and in the case of T1T2 + FSC veto
the signal-to-background ratio is large.
B. Reconstructing the vertex of photon hits
Once the photon distribution predicted by simulations is known the next step taken is to consider
the performance of the ZDC in a measurement of the type considered. The electromagnetic section
of the ZDC of CMS is divided into five horizontal (transverse) readout towers, with quartz fibres
in between absorber plates of tungsten. The tungsten plates are oriented vertically and fibres from
the individual towers are bunched together to form a readout tower bundle [9]. Thus the coordinate
of a photon hit can be measured only in the x -direction, in the range −4 < x < +4. The width of
a tower is approximately 1.6 cm.
The photons that hit the ZDC produce showers of a known width (Molie`re radius) of ∼ 0.5cm.
The energy of a shower is spread out transversely in a two-dimensional Gaussian distribution with
a standard deviation defined as the Molie`re radius of the shower. The ZDC measures the energy
deposited in each tower. Photon showers in the ZDC were studied using the photon bremsstrahlung
formula. By examining the ratio of energies in the two adjacent towers with the most energy, the
vertices of photon hits can be reconstructed. These energy ratios (from theory) were created and
then used in the vertex reconstruction. Finally, simulated photon hits were produced with energy
smearing for each tower, using the expected resolution of the ZDC [9].
σ
E
=
√(
0.70
E
)2
+ (0.03)2 (4)
The vertex of a given hit is reconstructed by comparing the simulated energy ratios to the ones
given by theory. The result is shown in Figure 4.
5FIG. 3: The probability of detecting a single photon in the ZDC from radiative elastic scattering (open
historgam) added together with the probability for detecting a photon from a single diffractive (SD) event
(shaded portion) as a function of the horizontal distance, x, of the photon hit from the center of the ZDC.
The normalization is with respect to an elastic event. On the top is the case for T1T2 veto, on the bottom
for T1T2 + FSC veto.
V. CONCLUSIONS
By measuring photon bremsstrahlung from protons, elastic pp scattering events can be identified
at the LHC. The photons radiated off the initial and final state protons will be seen by the Zero
Degree Calorimeter and can be used to measure the product σppel
〈
p2t
〉
or the ratio σppel /σ
pp
tot [1], [5],
luminosity [12] and relative alignment of the ZDCs and of the Roman Pot detectors. The forward
6FIG. 4: Reconstructing the vertex of a photon hit, simulation with 105 events and photon energy 195 GeV.
detectors covering rapidities |η| > 3 provide an efficient veto against neutral particle backgrounds
in the ZDCs from diffractive and non-diffractive events. The proposed Forward Shower Counters
(FSCs) would significantly improve this veto efficiency [13]. Finally, the above analysis should
encourage the use of all forward detector systems in LHC experiments, so that the maximum
physics discovery potential can be achieved.
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